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Abstract
We have recently proposed a setup of the “Domain-Wall Standard Model” in 5D
spacetime, where all the Standard Model (SM) fields are localized in certain domains
of the extra 5th dimension. Utilizing this setup, we attempt to solve the fermion mass
hierarchy problem of the SM. The mass hierarchy can be naturally explained by suitably
distributing the fermions in different positions along the extra dimension. Due to these
different localization points, the effective 4D gauge couplings of Kaluza-Klein (KK) mode
gauge bosons to the SM fermions become non-universal. As a result, our model is severely
constrained by the Flavor Changing Neutral Current (FCNC) measurements. We find two
interesting cases in which our model is phenomenologically viable: (1) the KK-mode of
the SM gauge bosons are extremely heavy and unlikely to be produced at the Large
Hadron Collider (LHC), while future FCNC measurements can reveal the existence of
these heavy modes. (2) the width of the localized SM fermions is very narrow, leading to
almost universal 4D KK-mode gauge couplings. In this case, the FCNC constraints can
be easily avoided even if a KK gauge boson mass lies at the TeV scale. Such a light KK
gauge boson can be searched at the LHC in the near future.
1 Introduction
The notion that our Universe may consist of more than 3-spatial dimensions has enamored us
for some time. The discovery of the D-branes in string theory [1] has provided theorists with a
rich theoretical framework to construct theories with extra dimensions, which has resulted in
many applications towards resolving the shortcomings of the Standard Model (SM). The large
extra-dimension model [2] is a well-known brane-world scenario which offers a solution to the
gauge hierarchy problem, where the original Planck mass at the TeV scale reproduces the 4D
Planck mass by a large extra-dimensional volume. Another well-known scenario is the warped
extra-dimension model [3], where the Planck scale is “warped down” to the TeV scale due to
the anti-de Sitter (AdS) curvature in the extra 5th dimension.
These well-known extra-dimensional models usually consist of compactified extra dimensions
on manifolds or orbifolds, and thereby treat the extra dimensions differently from the 3-spatial
ones we reside in. We may think that a democratic choice regarding the extra dimension is
more natural, namely, all dimensions have the same feature of being flat and non-compact. This
picture requires that all SM fields as well as 4D graviton are localized in certain domains in
the bulk space. Historically the localization of scalar and fermion fields have been investigated
in Ref. [4]. The localization of 4D graviton has been proposed in Ref. [5], the so-called RS-2
scenario, in the presence of the 5D AdS curvature. However, the localization of gauge fields has
been known to be notoriously difficult. One successful attempt occurred about 20 years ago in
Ref. [6]. They considered a strongly coupled non-Abelian gauge symmetry in 5D bulk, which
is broken down to a smaller gauge group in domains where background defects persist. A very
simple way for localizing the gauge field, which can be considered as an effective description of
the dynamical localization mechanism of the gauge field in Ref. [6], has been proposed in Ref. [7],
where a gauge coupling depending on the extra dimensional coordinates plays the essential role
for localizing the gauge field. Recently, the idea of Ref. [7] has been refined in a theoretically
consistent manner with an extra-dimensional analog of the Rξ gauge [8, 9, 10, 11], and the
“Domain-Wall Standard Model” has been proposed, where all the SM fields are localized in
certain domains of the bulk space.
In this paper, one of the main pursuits is to explain the mass hierarchy among the SM
fermions by utilizing the setup of the 5D Domain-Wall SM in Ref. [9]. As has been originally
proposed in Ref. [12], the fermion mass hierarchy can be naturally explained by “geometry”,
namely, localizing the fermions in different positions along the extra dimension. In this “split
fermion scenario”, the effective 4D Kaluza-Klein (KK) mode gauge couplings to the SM fermions
become non-universal due to the different fermion localization points. As a result, the scenario is
severely constrained by the Flavor Changing Neutral Current (FCNC) measurements. Detailed
analysis for the FCNC constraints has been performed in Ref. [13]. Following their analysis, we
consider the current FCNC constraints to identify the allowed parameter region of our model.
We also consider the Large Hadron Collider (LHC) Run-2 results from the search for a narrow
resonance and interpret the LHC results into the constraints on the KK-mode gauge bosons.
We find two separate scenarios to satisfy the experimental constraints: (1) the KK-modes of the
SM gauge bosons are extremely heavy and unlikely to be produced at the LHC, while improved
FCNC measurements in the near future can reveal the existence of these heavy modes. (2)
the width of the localized SM fermions is very narrow and the 4D KK-mode gauge couplings
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become almost universal. In this case, the FCNC constraints can be easily avoided even if a
KK gauge boson mass is at the TeV scale. Such a light KK gauge boson can be searched at
the LHC Run-3 and the High-Luminosity LHC in the near future.
This paper is organized as follows: In Sec. 2 we review the gauge field localization procedure
for the reader’s convenience. In Sec. 3 we summarize the localization procedure for the Higgs
field and its vacuum expectation value (VEV) which is exactly analogous to the gauge field
localization mechanism. Section 4 focuses on the Domain-Wall (DW) SM fermion construction,
and we show how to reproduce the fermion mass hierarchy through “geometry” without large
hierarchies among the original model parameters. In Sec. 5 we evaluate the 4D effective gauge
couplings between the KK gauge bosons and the SM fermions. This aspect of our model
is a crucial element for the phenomenology considerations in the next section, as the non-
universal nature of the gauge couplings induces FCNC processes. In Sec. 6 we discuss how
our model avoids the constraints from the FCNC measurements induced by the non-universal
gauge couplings. We also consider the LHC Run-2 results of the search for a narrow resonance
and interpret the results into the constraint on the KK-mode SM gauge bosons. We find that
two distinct situations arise: either the KK gauge boson is very heavy, or it can be light enough
to be produced at the LHC. We summarize our discussion in the last section.
2 Domain-Wall Gauge Boson
Let us first consider the gauge sector of the Domain-Wall SM. Here, we review the localization
procedure of the 5D gauge boson which the the authors previously introduced in Refs. [8, 9].
The reader who is familiar with this procedure may skip this section. For simplicity, we consider
a U(1) gauge theory. The Non-Abelian extension is completely analogous [10].
We consider the following Lagrangian for the U(1) gauge field in 5D flat Minkowski space:
L5 = −1
4
s(y)FMNF
MN , (2.1)
where FMN is the gauge field strength, M,N = 0, 1, 2, 3, y with y being the index for the 5th
coordinate, and gMN = diag(1,−1,−1,−1,−1) is our convention for the metric. In the original
Lagrangian we identify s(y) = 1/g¯2 with g¯ being a y-dependent 5D gauge coupling.1 This
y-dependence is the key for localizing the gauge field through a strong coupling as has been
first proposed in Ref. [7]. In the 5D Lagrangian, the gauge field and s(y) have a mass dimension
of one.
Decomposing the field strength into its components yields the following expression (up to
total derivative terms):
L5 = 1
2
sAµ (gµν4 − ∂µ∂ν)Aν − 1
2
sAy4Ay − 1
2
Aµ∂y (s∂yA
µ)− (∂µAµ) ∂y (sAy) , (2.2)
where Aµ (µ = 0, 1, 2, 3) and Ay are a gauge field and a scalar field in 4D space-time, and the
first two terms in the right-hand side denote the kinetic terms for these fields. The last term
1The authors have previously considered the origin of s(y) in [9]. For the specific choice of s(y) given
by Eq. (2.9), this 5D y-dependent gauge coupling can be expressed in terms of the kink solution (4.3) when
mV = mφ.
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contains a mixing between Aµ and Ay, which is analogous to the mixing term between a gauge
field and a would-be Nambu-Goldstone (NG) mode in spontaneously broken gauge theory if
we regard sAy as the NG mode. Based on this observation, we introduce a gauge fixing term,
which is a 5D analog to the Rξ gauge [8, 10]:
LGF = − s
2 ξ
(
∂µA
µ − ξ
s
∂y(sAy)
)2
, (2.3)
where ξ is a gauge parameter. By this gauge fixing term, the mixing term between Aµ and Ay
is eliminated. The total Lagrangian now reads L = L5 + LGF = Lgauge + Lscalar, where
Lgauge = 1
2
sAµ
(
gµν4 −
(
1− 1
ξ
)
∂µ∂ν
)
Aν − 1
2
Aµ∂y(s ∂yA
µ), (2.4)
Lscalar = −1
2
sAy4Ay +
1
2
s ξAy∂y
(
1
s
∂y(sAy)
)
. (2.5)
Next, we analyze the KK-modes of the gauge and scalar fields via their mode expansions.
Using the KK-mode expansion for the gauge and scalar fields,
Aµ(x, y) =
∞∑
n=0
A(n)µ (x)χ
(n)(y), Ay(x, y) =
∞∑
n=0
η(n)(x)ψ(n)(y), (2.6)
we obtain the KK-mode equations from Eqs. (2.4) and (2.5):
d
dy
(
s
d
dy
χ(n)
)
+ sm2nχ
(n) = 0,
d
dy
(
1
s
d
dy
(sψ(n))
)
+ m˜2nψ
(n) = 0. (2.7)
With the solutions of these KK-mode equations, the Lagrangians in Eqs. (2.4) and (2.5) are
written as
Lgauge =
∞∑
n=0
1
2
s
(
χ(n)
)2 [
A(n)µ
(
gµν(4 +m
2
n)−
(
1− 1
ξ
)
∂µ∂ν
)
A(n)ν
]
,
Lscalar = −
∞∑
n=0
1
2
s
(
ψ(n)
)2 [
η(n)
(
4 + ξ m˜
2
n
)
η(n)
]
. (2.8)
For our analysis in this paper, we adopt a simple example for s(y) considered in Ref. [9]:
s(y) = f(y)2 =
M
[cosh(mV y)]
2γ , (2.9)
where M and mV are positive mass parameters, and γ is a positive constant.
In solving the KK-mode equations, let us introduce the following new variables, χ˜(n)(y) and
ψ˜(n)(y), defined as
χ˜(n)(y) = f(y)χ(n)(y), ψ˜(n)(y) = f(y)ψ(n)(y). (2.10)
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We then have the KK-mode equations of the form:[
−∂2y −
γ(γ + 1)m2V
cosh2(mV y)
]
χ˜(n) =
(
m2n − γ2m2V
)
χ˜(n),[
−∂2y −
γ(γ − 1)m2V
cosh2(mV y)
]
ψ˜(n) =
(
m2n − γ2m2V
)
ψ˜(n). (2.11)
These equations have the form of the 1D Schro¨dinger equation, (−∂2y + V )Ψ(n) = EnΨ(n).
Since the potential corresponds to V ∝ −1/ cosh2(mV y) < 0, a bound state with En < 0 exists.
Although continuous modes exist for En > 0, they are not important in the following discussion
and we do not consider them in this paper.
We are interested in the localization of the gauge field, namely, bound states from the the
Schro¨dinger equation satisfying the following boundary conditions: |χ˜(n)(y)| < ∞ for y → 0,
and χ˜(n)(y) → 0 for |y| → ∞. Such solutions are described by using the hyper-geometric
function F [a, b; c; y] [14]. We find the eigenvalues for χ˜(n) to be
m2n = n (2γ − n)m2V (n = 0, 1, 2, · · · < γ). (2.12)
The number of (localized) KK-modes is terminated by a condition En = m
2
n − γ2m2V < 0, and
thus a bound state is guaranteed to exist for γ > 0. The eigenfunctions for even numbers of
n = 2n′ (n′ = 0, 1, 2, . . .) and odd numbers of n = 2n′′ + 1 (n′′ = 0, 1, 2, . . .) are given by (up to
normalization factor)
χ˜(n
′)(y) = [cosh(mV y)]
−γ F
[−n′,−γ + n′; 1/2; 1− cosh2(mV y)] , (2.13)
and
χ˜(n
′′)(y) = sinh(mV y) [cosh(mV y)]
−γ F
[−n′′,−γ + n′′ + 1; 3/2; 1− cosh2(mV y)] , (2.14)
respectively.
From Eq. (2.11), ψ˜(n) can be obtained by substituting γ = γ+1 and m2n = mn
2+(2γ+1)m2V
into the first equation in Eq. (2.11). Thus the eigenvalues for ψ˜(n) are given by
m2n = (n + 1) (2γ − (n+ 1))m2V (n = 0, 1, 2, · · · < γ − 1). (2.15)
Note that no zero-mode exists for the scalar component Ay, whereas we can see the pairing
of the KK-mode mass spectrum between the gauge fields and the corresponding would-be NG
modes [8]. For our discussion throughout of this paper, let us fix γ = 3. In this case, we
have only two KK-modes present with the mass eigenvalues m21 = 5m
2
V and m
2
2 = 8m
2
V . The
canonically normalized KK-mode expansions are found to be
Aµ(x, y) = g A
(0)
µ (x) + 2 g sinh(mV y)A
(1)
µ (x) +
g√
5
(5− 4 cosh2(mV y))A(2)µ (x),
Ay(x, y) =
√
4
5
g cosh(mV y) η
(1)(x) +
√
8
5
g cosh(mV y) sinh(mV y) η
(2)(x), (2.16)
where the gauge coupling in the 4D effective theory is defined as g =
√
15mV
16M
.
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3 Domain-Wall Higgs Field and Higgs Mechanism
Next we briefly review the 5D extension of the Higgs mechanism which is proposed in Refs. [8, 9].
The reader who is familiar with this subject may skip this section. To simplify our discussion,
we take the Abelian Higgs model as an example, corresponding to the previous section on
the localized U(1) gauge field. It is straightforward to extend our discussion to the SM Higgs
doublet case.
For the non-compact 5D spacetime, we need to consider a localization mechanism for not
only Higgs field but also its VEV. For this purpose, we may utilize the same procedure taken
for the gauge field. Let us introduce the Lagrangian for the Higgs sector as follows:
LH5 = g2s(y)
[
(DMH)†(DMH)− 1
2
λ
(
H†H − v
2
2
)2]
, (3.1)
where H is the Higgs field, λ is a Higgs quartic coupling, v is its VEV, and the covariant
derivative is given by DM = ∂M − iQHAM with a U(1) charge QH for the Higgs field. Here,
we have taken s(y) to be the same as Eq. (2.9) with γ = 3. We have introduced the overall
factor g2, by which the zero-mode of the Higgs field is canonically normalized in the effective
4D theory.
Expanding H about the vacuum H = (v+h+ iφ)/
√
2 and neglecting the interaction terms,
we obtain (up to total derivative terms)
LH5 ⊃
1
2
g2s(y)
[
(∂Mh)(∂Mh)−m2hh2
]
+
1
2
g2s(y)(∂Mφ)(∂Mφ)
= −1
2
g2sh(4 +m
2
h)h+
1
2
g2h ∂y(s∂yh)− 1
2
g2sφ4φ+
1
2
g2φ ∂y(s∂yφ), (3.2)
where m2h = λv
2 is the physical Higgs boson mass. After applying the KK-mode decomposition
for these fields,
h(x, y) =
∞∑
n=0
h(n)(x)χ
(n)
h (y), φ(x, y) =
∞∑
n=0
φ(n)(x)χ
(n)
φ (y), (3.3)
we can see that the KK-mode equations for χ
(n)
h and χ
(n)
φ are identical to that of the gauge boson
in Eq. (2.7). The identical configuration of φ(0) and A
(0)
µ is from the theoretical consistency
since the zero-mode φ(0) is the would-be NG mode eaten by A
(0)
µ . The KK-mode decomposition
of the physical Higgs field is given by (see Eq. (2.16))
h(x, y) = h(0)(x) + 2 sinh(mV y) h
(1)(x) +
1√
5
(5− 4 cosh2(mV y)) h(2)(x), (3.4)
with which the free Lagrangian for the scalar fields in the effective 4D theory is given by
LH4 ⊃ −
1
2
h(0)
(
4 +m
2
h
)
h(0) − 1
2
2∑
n=1
[
h(n)
(
4 +
(
m2h +m
2
n
))
h(n)
]
+
{
h(m) → φ(m), mh → 0
}
. (3.5)
5
Here, the kinetic terms are canonically normalized.
Associated with the U(1) gauge symmetry breaking by 〈H〉 = v/√2, the U(1) gauge boson
acquires its mass. After normalizing the kinetic terms for all zero-modes and KK-modes, we
find the gauge boson masses [8, 9],
m
(0)
A = QHgv, m
(n)
A =
√
m2n + (QHgv)
2, (3.6)
for the zero-mode and the KK-modes, respectively. Note that the formula for the zero-mode
gauge boson mass is exactly the same as the one in the 4D Abelian Higgs model.
The extension of the 5D Abelian Higgs model to the SM case is straightforward. For the
5D SM gauge bosons corresponding to the SU(3)c×SU(2)L×U(1)Y gauge groups, we employ
the same function s(y) up to a normalization factor which determines the size of each gauge
coupling. Hence, the KK-mode spectrum for the SM gauge bosons are the same. After the
electroweak symmetry breaking we find the gauge boson (photon (γ), W boson and Z boson)
mass spectrum as follows: For the zero-modes,
mγ = 0, mW =
1
2
g2v, mZ =
1
2
gZv, (3.7)
where gZ =
√
g22 + g
2
Y with g2 and gY being the SU(2)L and U(1)Y gauge couplings, respectively,
and v = 246 GeV is the Higgs doublet VEV, while their KK-mode mass spectrum is given by
m(n)γ = mn, m
(n)
W =
√
m2n +m
2
W , m
(n)
Z =
√
m2n +m
2
Z . (3.8)
The gluon mass spectrum is the same as the photon mass spectrum. Since the KK-mode
functions for all the SM gauge bosons are identical (up to normalization factors), there is no
mass mixing between the KK-modes of photon and Z boson.
4 Fermion Mass Hierarchy from Geometry
Finally, we consider localized fermions in the 5D bulk, whose zero-modes are identified with
the SM chiral fermions. Following the mechanism proposed in Ref. [4], we first introduce a real
scalar field (ϕ(x, y)) in the 5D bulk:
L(5) = 1
2
(∂Mϕ)
(
∂Mϕ
)− V (ϕ) , (4.1)
where the scalar potential is give by
V (ϕ) =
m4ϕ
2λ
−m2ϕϕ2 +
λ
2
ϕ4. (4.2)
As a solution of the equation of motion, we consider a non-trivial background configuration
ϕkink(y), which is known as the kink solution,
ϕkink(y) =
mϕ√
λ
tanh[mϕy]. (4.3)
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Here, we have chosen the kink center at y = 0. Expanding the scalar field around the
kink background, ϕ(x, y) = ϕkink(y) + ϕ˜(x, y), and using the KK decomposition of ϕ˜(x, y) =∑∞
n=0 ϕ
(n)(x)χ
(n)
ϕ (y), we obtain the KK-mode equation for χ
(n)
ϕ (y). It is easy to see that the
equation is identical with the first equation in Eq. (2.7), but s(y) = [cosh(mϕy)]
−4. Hence, the
canonically normalized KK-mode expansion is found to be
ϕ(x, y) = ϕkink(y) +
√
3mϕ
2
[
1
cosh2(mϕy)
]
ϕ(0)(x) +
√
3mϕ
2
[
sinh(mϕy)
cosh2(mϕy)
]
ϕ(1)(x), (4.4)
where ϕ(0)(x) is the massless NG mode corresponding to the spontaneous breaking of the
translational invariance in the 5th dimension, and ϕ(1)(x) is the 1st KK-mode with a mass
m
(1)
ϕ =
√
3mϕ.
We now introduce the Lagrangian for a bulk fermion coupling with ϕ,
L = iψ [γµDµ + iγ5Dy]ψ + Y ϕψψ
= iψLγ
µDµψL + iψRγ
µDµψR
− ψLDyψR + ψ¯RDyψL + Y ϕ
(
ψLψR + ψRψL
)
, (4.5)
where we have decomposed the Dirac fermion ψ into its chiral components, ψ = ψL + ψR, the
covariant derivative is given by DM = ∂M − igfAaMT a with a SU(N) gauge coupling gf for ψ in
the fundamental representation, and Y is a positive constant. Neglecting the gauge interactions
and replacing ϕ by the kink background, the equations of motion are given by
iγµ∂µψL − ∂yψR + Y ϕ0ψR = 0,
iγµ∂µψR + ∂yψL + Y ϕ0ψL = 0. (4.6)
Using the KK-mode decompositions,
ψL(x, y) =
∞∑
n=0
ψ
(n)
L (x)χ
(n)
L (y), ψR(x, y) =
∞∑
n=0
ψ
(n)
R (x)χ
(n)
R (y), (4.7)
we have the KK-mode equations as[−∂2y − (Y ϕkink)′ + (Y ϕkink)2]χ(n)L = m2nχ(n)L ,[−∂2y + (Y ϕkink)′ + (Y ϕkink)2]χ(n)R = m2nχ(n)R . (4.8)
These equations are equivalent to the two equations in Eq. (2.11) by the replacements, mϕ →
mV , Y/
√
λ → γ, and χ(n)L , χ(n)R → χ˜(n), ψ˜(n). Hence, the mass eigenvalues and eigenfunctions
are given by Eqs. (2.12)-(2.14). Note that a zero mode only exists for a left-handed fermion in
the 4D effective theory. This zero-mode is identified with a left-handed SM fermion. If instead
we flip the sign of Y from positive to negative in Eq. (4.6), the right-handed fermion has a zero
mode, which is identified with a right-handed SM fermion.
For our phenomenology discussion in Sec. 6, let us consider fermions located in close prox-
imity to the kink center. In this case, the normalized zero mode wavefunction (for a left-handed
SM fermion) is approximately described as
ψ
(0)
L (x, y) = ψL(x)χ
(0)
L (y) ≈ ψL(x)
[(
m2F
π
) 1
4
e−
1
2
m2
F
(y−y0)2
]
, (4.9)
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Figure 1: The up quark components uL and uR are separated by some distance along the 5th
dimension, while tL and tR are localized at the same location. A small overlap between the
chiral fermions results in an exponentially suppressed effective Yukawa coupling.
where mF =
√
Y m2ϕ/
√
λ is the inverse of the DW fermion width, and we have set the kink
center at y = y0. As discussed in the original proposal of the split fermion scenario of Ref. [12],
we introduce a different bulk mass term Mi, for each 5D fermion. The setup for all localized
SM fermions utilizes the same kink solution, and as a result the kink center is simply shifted
by yi0 =
Mi
m2
F
.
Let us now extend our system to the SM case. We introduce the Yukawa coupling of the
SM quarks in 5D as
LY = −Y iju Q
i
H˜uj − Y ijd Q
i
Hdj +H.c. ⊃ −Y iju Q
i
LH˜u
j
R − Y ijd Q
i
LHd
j
R +H.c., (4.10)
where we have decomposed the fields into their chiral components Qi = QiL+Q
i
R, u
i = uiL+u
i
R,
di = diL + d
i
R (i = 1, 2, 3 is the generation index), and H (H˜ = iσ2H) is the 5D Higgs doublet.
With the kink background, zero-modes of QiL, and u
i
R/d
i
R are identified with left-handed quark
doublet and right-handed quark singlets. The zero mode wavefunctions for Qi and ui/diR are
given by Eq. (4.9), with the localization positions being different for each SM fermion.
Since the zero mode for the Higgs field and its VEV are flat along the extra dimension
(χ
(0)
h (y) = constant in Eq. (3.3)), the effective 4D Yukawa couplings are obtained by integrating
out the zero mode quark wavefunctions with respect to the 5th dimensional coordinate. For
example, the effective Yukawa coupling of the up-type quarks is given by
Y ijeff = Y
ij
u
∫ ∞
−∞
dy χ
i(0)
L (y − yL)χj(0)R (y − yR), (4.11)
where the zero modes of the left-handed and right-handed up-type quarks are represented by
χ
i(0)
L (y−yL) and χj(0)R (y−yR), respectively, are localized at yL and yR in the 5th dimension. Note
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that the effective 4D Yukawa coupling is determined by the amount of overlapping between the
left-handed and right-handed zero mode wavefunctions. Figure 1 illustrates an example between
the chiral components of the up and top quarks. For the chiral components of the zero mode
wavefunctions of the top quarks localized at y = 0, they completely overlap with each other, and
hence the effective Yukawa coupling is identical to the original Yukawa coupling. On the other
hand, the chiral components for the zero-mode wavefunctions of the up quarks are localized at
different positions, resulting in a highly suppressed effective Yukawa coupling. For the present
example, we obtain the effective 4D Lagrangian for the mass terms from Eq. (4.10):
L4Y ⊃ −
v√
2
(
Y 33u tLtR + Y
11
u e
−
m2F
4
(∆Lu
11
)2 uLuR (4.12)
+ Y 31u e
−
m2
F
4
(∆Lu
31
)2 tLuR + Y
13
u e
−
m2
F
4
(∆Lu
13
)2 uLtR
)
,
where ∆Luij = |yiL − yjR|. Note that even if Y iju = O(1), the fermion mass hierarchy can be
easily reproduced thanks to the geometric factor, e−
m2
F
4
(∆Luij)
2
. The origin of the mass hierarchy
is now to be interpreted as just a factor difference among the ∆L’s.
The mass matrices for the up-type and down-type quarks are given byM iju = Y
ij
u (v/
√
2)e−
m2
F
4
(∆Luij)
2
and M ijd = Y
ij
d (v/
√
2)e−
m2
F
4
(∆Ldij)
2
, respectively. The unitary rotations, uiL → U ijL ujL, diL →
V ijL d
j
L, and similarly for L↔ R, diagonalize these mass matrices as follows:
diag(mu, mc, mt) = U
†
LMuUR,
diag(md, ms, mb) = V
†
LMdVR. (4.13)
The quark mixing matrix (VCKM) is defined as VCKM = U
†
LVL, and in general Mu and Md are
3×3 complex matrices. To simplify our analysis we take both matrices to be Hermitian, so that
UL = UR and VL = VR, respectively. We have found numerically that Mu is approximately a
diagonal matrix, and as a result the rotation matrices are UL = UR ≈ 1 and VL = VR ≈ VCKM .
We fix the top quark Yukawa coupling to be Y 33u = Yt = 0.995 corresponding to mt = 173
GeV, while we take a mild hierarchy choice and assign all remaining Yukawa elements as 0.1 Yt.
The separation distance ∆Lij = |yiL − yjR| between the left- and right-handed fermions are
fixed by their measured masses and found from using Eq. (4.13). The localization positions of
the fields are a free parameter so long as the separation distance is satisfied. In our analysis,
we have made the choice of left- and right-handed localization positions to be yL = ∆L/2 and
yR = −∆L/2. For example, the left-handed and right-handed top quarks are localized at y = 0.
We employ the same procedure for finding the fermion masses of the lepton sector, where the
rotation matrices for the charged leptons and neutrinos are, respectively, U˜L = U˜R ≈ 1 and
V˜L = V˜R ≈ VPMNS. We assume the normal hierarchy of the light neutrino mass spectrum.
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Figure 2: Magnitude of effective gauge coupling for the 1st KK (solid line) and the 2nd KK
(dashed line) modes as a function of fermion localization position. Here, we have taken ǫ = 1.
5 Effective Gauge Couplings
Let us now describe the interaction Lagrangian in the 4D effective theory as
L4 ⊃ ψ(0)L iγµ
(
∂µ − iQfgA(0)µ
)
ψ
(0)
L +
∞∑
n=1
Qf g
(n)
eff A
(n)
µ
[
ψ
(0)
L γ
µψ
(0)
L
]
, (5.1)
where the 4D effective gauge coupling between the chiral fermion and the n-th KK-mode gauge
boson is found by integrating out the zero-mode function of the fermion and the n-th KK-mode
gauge boson function. As an example, the effective gauge coupling of a left-handed SM fermion
is given by
g
(n)i
eff /g =
∫ ∞
−∞
dy
(
χ
(0)i
L (y − yL)
)2
χ(n)(y). (5.2)
The effective couplings of the 1st and 2nd KK-modes are given by
1st KK mode : g
(1)
eff /g =
2√
π
mF
∫ ∞
−∞
dy sinh(mV y) e
−m2
F
(y−yL)
2
=
2√
π
∫ ∞
−∞
dx sinh (ǫx) e−(x−xL)
2 ≈ 2ǫxL,
2nd KK mode : g
(2)
eff /g =
1√
π
mF√
5
∫ ∞
−∞
dy (5− 4 cosh(mV y)2) e−m2F (y−yL)2
=
1√
5π
∫ ∞
−∞
dx
(
5− 4 cosh (ǫx)2) e−(x−xL)2
≈ 1√
5
(
1− 2 (1 + 2x2L) ǫ2) , (5.3)
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where ǫ = mV /mF , and we have taken ǫ ≪ 1 for the final expression of the two equations
in order to simplify the formulas. We show these effective couplings in Fig. 2 as a function
of localization position in the bulk, where we have taken ǫ = 1 for illustrative purposes. For
fermions localized at xL = mF yL = mV yL near the origin, the effective gauge coupling for
the 1st KK-mode is vanishingly small, since the 1st KK-mode function is an odd function of
y. Near the origin, the effective coupling of the 2nd KK-mode attains a non-zero value of
g
(2)
eff /g ≈ 1/
√
5, since the 2nd KK-mode function is an even function of y.
6 FCNC Constraints and KK-mode Phenomenology
Prediction of the KK-modes in the 4D effective theory is a common property of extra-dimensional
models, and we can consider some fascinating phenomenology for them. In the Domain-Wall
SM, the KK-mode spectra and the coupling manner of each KK-mode with the SM particles
depend on the localization mechanism. This property is in sharp contrast to, for example,
the Universal Extra-Dimension model [15], where the KK-mode gauge couplings are universal.
The localization of the gauge fields offers more variety of the KK-mode phenomenologies than
usual compactified extra-dimensional models, thanks to the rich “geometry” structure of the
localized SM particles and their KK-modes. In this section, we consider the FCNC constraints
on our model and address two scenarios for studying interesting KK-mode phenomenologies:
(1) the KK-mode of the SM gauge bosons are extremely heavy and unlikely to be produced at
the LHC, while the improved FCNC measurements in the future experiments can reveal the
existence of these heavy modes (Sec. 6.1). (2) the width of the localized SM fermions is very
narrow and as a result, the 4D KK-mode gauge couplings are almost universal. In this case,
the FCNC constraints can be easily avoided even for a KK gauge boson mass of order TeV.
Such a light KK gauge boson can be searched at the LHC in the near future (Sec. 6.2).
6.1 FCNC Constraints
In many extra dimensional models (see, for example Ref. [16]), a successful localization of the
SM fermions to reproduce the fermion mass heirarchy can generate dangerous FCNC processes.
In the split fermion scenario, Lillie and Hewett in Ref. [13] have considered the FCNC effects
mediated by the KK-mode gauge bosons for rare meson decays, and neutral-meson mixings
to obtain the constraints on the KK gauge boson masses and fermion localization positions.
Since the methodology employed in Ref. [13] is general, we follow Ref. [13] to identify the
allowed parameter region for our Domain-Wall SM. In our analysis, we employ the updated
experimental constraints on FCNCs in Ref. [17].
Neglecting the mass splitting induced by the electroweak symmetry breaking (see the last
paragraph in Sec. 3), the KK-mode spectrum for all SM gauge bosons are the same. Thus, we
will focus on the KK gluon mediated processes because of its large QCD coupling. For the SM
left-handed and right-handed quarks, the interactions with the n-th KK-mode gluon are given
by
LS = iu¯iL(U †Lg˜(n)L UL)ijγµG(n)µ ujL + id¯iL(V †Lg(n)L VL)ijγµG(n)µ djL + (L↔ R) (6.1)
≈ iu¯iL(g˜(n)L )ijγµG(n)µ ujL + id¯iL(V †CKMg(n)L VCKM)ijγµG(n)µ djL + (L↔ R),
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where we have used UL/R ≈ 1 and VL/R ≈ VCKM in the second line. The non-universal KK
gluon gauge couplings g
(n)
L and g˜
(n)
L are then given by
g˜
(n)
L = diag
{
g
(n)
eff(yuL), g
(n)
eff(ycL), g
(n)
eff(ytL)
}
g
(n)
L = diag
{
g
(n)
eff(ydL), g
(n)
eff(ysL), g
(n)
eff(ybL)
}
, (6.2)
where the effective couplings are dependent on the localization positions of the left-handed
fermions. The expressions for g
(n)
R and g˜
(n)
R are analogous to Eq. (6.2). As we have discussed in
Sec. 4, the localization positions are determined (relatively to a mF value) so as to reproduce
experimental value of the quark masses and their mixing matrix elements. Hence, the non-
universal KK gluon gauge couplings are determined once ǫ = mV /mF is fixed.
The most stringent bounds on FCNCs come from the meson oscillation measurements found
in Ref. [17]. In Ref. [13] the authors consider the effective 4-Fermi interactions mediated by the
KK gluons, and derive a lower mass bound on the 1st KK gluon (m1) as
m1 ≥ β
√
F (gL, gR), (6.3)
where β is a parameter with a mass-dimension of one. β is determined by the meson parameters,
such as the meson decay constant, the corresponding meson mass, the strong coupling constant,
and the meson mass difference. For example, for the K0 − K¯0 oscillation (which turns out to
provide the most stringent FCNC constraint), we find β[TeV] = 1038, and F (gL, gR) is explicitly
given by [13]
F (gL, gR) =

45
∣∣∣∣∣
(
V †CKM
g
(1)
L
g
VCKM
)
12
∣∣∣∣∣
2
+
1
40
∣∣∣∣∣
(
V †CKM
g
(2)
L
g
VCKM
)
12
∣∣∣∣∣
2
+ (L↔ R)


+
(
1
4
+
3
4
m2K
m2d +m
2
s
){
4
5
∣∣∣∣∣
(
V †CKM
g
(1)
L
g
VCKM
)
21
×
(
V †CKM
g
(1)
R
g
VCKM
)
12
∣∣∣∣∣
+
1
40
∣∣∣∣∣
(
V †CKM
g
(2)
L
g
VCKM
)
21
×
(
V †CKM
g
(2)
R
g
VCKM
)
12
∣∣∣∣∣+ (L↔ R)
}
, (6.4)
where the subscripts indicate the matrix elements. Looking back at the effective couplings in
Eq. (5.3), one can easily understand that the terms ∝ |g(1)L/R|2 are sub-leading compared to the
terms ∝ |g(2)L/R|2 for ǫ ≪ 1. From numerical calculations, we find that the second term on the
right-hand side dominates.
Figure 3 shows the lower mass bounds on the 1st KK gluon as a function of ǫ. The diagonal
solid line is the constraint obtained from theK0−K¯0 oscillation. We have found that the bounds
from the B0d and B
0
s measurements are significantly weaker than the K
0 − K¯0 constraint and
we do not show them in the figure. Although our model is not the same as the one examined
in Ref. [13], our result is qualitatively consistent with the result presented in Ref. [13]. For
ǫ . 0.002, Fig. 3 shows that the FCNC constraints can be avoided even for m1 = O(TeV). On
the other hand, for a larger ǫ value, the KK gluon must be extremely heavy and far beyond the
12
Figure 3: The lower bounds on the 1st KK gluon mass (m1) from the meson oscillation
data (diagonal solid line) and the LHC Run-2 results (horizontal dashed lines) as a function
of ǫ = mV /mF . Combining the two constraints, the allowed region is identified as the green
shaded region.
LHC search reach. The horizontal dashed line is the current lower bound from the LHC Run-2
results. See the next section for details on this constraint.
Typically, rare meson decays place tight constraints on extra dimension models as well,
however, in our scenario we have found that these effects are an order of magnitude weaker
than the K0 − K¯0 oscillation constraint shown in Fig. 3. The largest such contribution comes
from the process Br(B0s → µ+µ−) = 3× 10−9 [18], from which we have obtained a mass bound
on m1 & 400 GeV for ǫ = 0.004.
Another possible avenue for detecting flavor violating effects is through the rigorously ex-
plored neutron electric dipole moment (EDM). Current experiments have put a bound on the
neutron EDM at |dn/e| < 0.3 × 10−25 cm [19]. It is well known that SM quantum corrections
to the neutron EDM occur only at three loop order, and results in a contribution much smaller
than what is currently experimentally accessible at a value of around |dn/e| ≤ 10−30 cm [20, 21].
Beyond SM physics on the other hand, may introduce larger contributions to the neutron EDM.
In particular, flavor violating interactions can culminate in significant deviations from current
experimental bounds [22]. Following the analysis by the authors from Ref. [23], we find that
our prediction for the EDM when ǫ≪ 1 is
|dn/e| ∼ αs
160π
(
md
m2V
)
≃ 2.2× 10−26cm
(
TeV
mV
)2
, (6.5)
where αs = g
2
s/4π = 0.118 is the strong coupling constant, and md = 4.7 MeV is the down
quark mass. This relation places a lower bound on the 1st KK gluon mass of m1 =
√
5mV = 1.9
13
TeV, which is weaker than the LHC bound discussed in the next section.
6.2 LHC Phenomenology
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Figure 4: The cross section times its branching ratio, σ(pp → W (2) → lν) = σ(pp →
W (2))BR(W (2) → lν)), as a function ofmW ′ = m2 for g(2)eff /g = 1/
√
5 (solid diagonal line), along
with the theoretical prediction of σ(pp → W ′ → lν) for the sequential SM W ′ boson (dashed
diagonal line) and the cross section upper bound at 95% Confidence Level (solid horizontal
curve in red) from the analysis by the ATLAS collaboration with the integrated luminosity of
79.8 fb −1 [26]. Here, the 1σ (green) and 2σ (yellow) expected limit bands are also shown.
The ATLAS and the CMS collaborations have been searching for new particle resonances
with a variety of final states at the LHC Run-2. For the sequential SM, Z ′ and W ′ bosons have
the same properties as the SM Z and W bosons except for their masses. The ATLAS (CMS)
collaboration has recently reported their search results with luminosity of about 139 fb−1 (36
fb−1) for the Z ′ search, and 80 fb−1 (36 fb−1) for the W ′ search. The ATLAS (CMS) lower
bound on the sequential SM Z ′ boson is obtained to be mZ′ ≥ 5.1 (4.5) TeV with dilepton final
states [24] ([25]), while mW ′ ≥ 5.6 (5.2) TeV for the sequential SM W ′ boson mass is obtained
with its decay mode W ′ → lν [26] ([27]).
Since we have set a common mass mV for the y-dependent SM gauge couplings, the KK
gauge boson mass spectra for gluon, photon, weak bosons are approximately the same for
m2W,Z ≪ m21 = 5m2V . Thus, we consider the most severe constraint from the W ′ boson search.
Since the total decay width of W ′ boson is about 3% of its mass for mW ′ & 1 TeV, we employ
the narrow-width approximation in evaluating the parton-level cross section of the process,
σˆ(qq′ →W ′) ∝ ΓW ′(W ′ → qq′) δ(M2inv −m2W ′) ∝ g2, (6.6)
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where M2inv is the invariant mass of the initial partons, ΓW ′(W
′ → qq′) is the partial decay
width into qq′, and g is the SM SU(2) gauge coupling. When we identify the W ′ boson with
the n-th KK-mode of the SM W boson in the Domain-Wall SM, the only difference is from
the effective gauge coupling g
(n)
eff . We have found from Fig. 3 that ǫ ≪ 1 is required to avoid
the FCNC constrains for m1 = O (TeV). Since g(1)eff ∝ ǫ for ǫ≪ 1, the 1st KK-mode W -boson
production cross section is very small. On the other hand, the 2nd KK-mode W -boson has a
sizable coupling, g
(2)
eff /g ≈ 1/
√
5, for ǫ≪ 1, and we use the LHC Run-2 result to obtain a lower
mass bound on the 2nd KK mode. Now, we have a relation,
σ(pp→W (2) → lν) =
(
g
(2)
eff
g
)2
σ(pp→W ′ → lν) ≃ 0.2× σ(pp→W ′ → lν), (6.7)
where σ(pp→ W ′ → lν) is the cross section for the sequential SM W ′ boson.
In Fig. 4, we show the cross section σ(pp → W (2) → lν) as a function of mW ′ = m2 for
the value of g
(2)
eff /g = 1/
√
5 (solid diagonal line), along with the upper bound on the cross
section from the ATLAS results [26] at the LHC Run-2 with a 79.8 fb−1 integrated luminosity
(horizontal solid curve in red) and the theoretical prediction of σ(pp → W ′ → lν) for the
sequential SM W ′ boson (dashed line). We can read off the lower bound on the 2nd KK-mode
mass (m2) from the intersection of the corresponding solid diagonal line and the solid horizontal
(red) curve, which is m2[TeV] ≥ 4.78. Considering the ratio between the 1st and 2nd KK gauge
boson masses as m1/m2 =
√
5/8, we obtain the lower bound on the 1st KK gauge boson mass
to be m1[TeV] ≥ 3.78. This result is shown in Fig. 3 as the horizontal dashed line.
Combining the constraints from the FCNC processes and the LHC Run-2 results, we find
the allowed parameter region shown as the green shaded region in Fig. 3. This figure shows
two typical regions: (1) ǫ & 0.002, for which the FCNC constraints are more severe then the
LHC constraint. (2) The LHC constraint is more severe for ǫ . 0.002. Interestingly, the FCNC
and the LHC constraints are complementary to constrain the model parameter space of the
Domain-Wall SM.
Another phenomenological signal worth considering is the process W ′ → jj, which enables
us to place a mass constraint on the KK gluons. In Ref. [28] the ATLAS collaboration searched
for the W ′ resonance signal and placed a lower mass constraint of 3.6 TeV (seen in their
Fig. 3(c)). This process can be used to place a constraint on the KK gluon mass in our model
by using the relation ( gs
g
)2×σ×A×BR ≈ (4)×σ×A×BR, where gs and g are the strong and
weak gauge couplings respectively and A is the scaling parameter that is typically less than
one. From this relationship we find that the lower bound on the KK gluon mass is around
m2[TeV] ∼ 4.2. As we have shown above, this is a weaker constraint than the one we found for
the W ′ boson.
7 Summary and Discussions
Recently in Refs. [8, 9], we have proposed a framework of the 5D Domain-Wall SM and in-
vestigated its phenomenology, where all the SM fields are localized in certain 3-dimensional
domains in non-compact 5D spacetime. In this paper, we have extended our previous work
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to naturally explain the mass hierarchy among the SM fermions by using the idea of the split
fermion scenario. Although the fermion mass hierarchy problem can be solved with a mild hier-
archy among the model parameters, our model is subject to very severe FCNC constraints. In
addition, the current LHC Run-2 narrow resonance search results provide a lower mass bound
on the KK-mode SM gauge bosons. Considering the FCNC and the LHC constraints, we have
arrived at two typical cases for phenomenological viability of our model: (1) the KK-mode
of the SM gauge bosons are extremely heavy and unlikely to be produced at the LHC, while
future FCNC measurements can reveal the existence of these heavy modes. (2) the width of
the localized SM fermions is very narrow, leading to almost universal 4D KK-mode gauge cou-
plings. In this case, the FCNC constraints can be easily avoided even if a KK gauge boson
mass lies at the TeV scale. Such a light KK gauge boson can be searched at the LHC Run-3
and then the High-Luminosity LHC in the near future. Interestingly, the current experimental
constraints from the FCNC measurements and the LHC search for the KK-mode gauge bosons
are complementary to constrain parameter space of the Domain-Wall SM.
Since gravitons reside in the bulk, we also need to consider a localization of graviton to
complete our proposal of the Domain-Wall SM. For this purpose, we may combine our scenario
with the RS-2 scenario [5] with the Planck brane at y = 0. Here we may identify the Planck
brane as a domain-wall with the zero-width limit. The mass spectrum of the KK-modes of the
SM fields is controlled by the width of the domain-walls, and the current LHC results constrain
it to be .(1 TeV)−1. On the other hand, the width of 4-dimensional graviton is controlled
by the AdS curvature κ in the RS-2 scenario and its experimental constraint is quite weak,
κ & 10−3 eV [5]. Therefore, we can take κ ≪ 1 TeV and neglect the warped background
geometry in our setup of the Domain-Wall SM, while the 4-dimensional Einstein gravity is
reproduced in the RS-2 scenario at low energies. We may think if the energy density from the
SM domain-walls is large and affects the RS-2 background geometry. However, we expect the
energy density from the domain-walls of O(Λ4) with Λ = O(1 TeV), while the energy density
of the Planck brane in the RS-2 scenario is given by O(M2Pκ2) with the reduced Planck mass of
MP ≃ 2.4×1018 GeV. Therefore, we choose the AdS curvature in the range of 10−3 eV≪ κ≪1
TeV for the theoretical consistency of our scenario.
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